To develop effective intervention strategies that prevent breast milk transmission of human immunodeficiency virus (HIV), we must understand the specific viral properties and mechanisms responsible for infant infection. We have used lactating rhesus macaques infected with a pathogenic simian immunodeficiency virus (SIV) stock to analyze the viral genotypes expressed in plasma and milk throughout the disease course and to identify those variants ultimately transmitted to infants through breastfeeding. In these studies we observed mother-to-infant transmission of SIV/Delta B670 by eight females during the chronic phase of disease, and we analyzed by heteroduplex tracking assays and sequence analysis the distribution and fluctuations in viral genotypes expressed. Each female expressed multiple V1 envelope genotypes in milk near the time of transmission, while a single genotype was found in each of the infants. Variants transmitted to infants were not expressed throughout the maternal disease course but were only detected near the time of transmission. The emergence of the transmitted genotype in the dam typically occurred in plasma before milk and was coincident with increased milk viral loads. Transmitted genotypes tended to be longer and more glycosylated and had a less negative charge over the V1 region compared to viral genotypes expressed in milk but not transmitted. These observations demonstrate that specific viral genotypes are selectively transmitted to infants through breastfeeding and support the hypothesis that transmission occurs as genotypes adapt for efficient expression in milk.
Breast milk transmission of human immunodeficiency virus (HIV) is a problem of global importance. In many resourcelimited areas with high rates of HIV infection, the benefits of breastfeeding often outweigh the risk of transmission (27) . In these areas, the use of replacement feeding is often hindered by access to clean water, cost, availability of formula, and cultural expectations to breastfeed (33) . Although short-course antiretroviral therapy (ART) given during pregnancy and parturition has significantly reduced the risk of in utero and peripartal HIV transmission (10, 12, 13) , ART is a less feasible option for lactating women (16) . This is due in part to the long period of breastfeeding, but the risk of infant toxicity and transmission of drug-resistant virus are important concerns that have not been fully addressed (15, 30) . Effective intervention strategies that allow HIV-infected mothers to safely breastfeed are urgently needed. To develop these interventions, we must understand the mechanisms involved in transmission as well as the protective factors that allow a large number of HIV-exposed infants to remain uninfected.
Studies of HIV-infected women worldwide have established that higher plasma viral load and lower CD4 ϩ T-cell counts increase the risk of mother-to-infant transmission in utero, at parturition, and postnatally through breastfeeding (11, 17, 20, 38) . The risk of breast milk transmission is additionally correlated with higher cell-free and cell-associated milk viral load (34) . The specific viral and immunological factors contributing to these correlates, however, remain unknown. While maternal plasma viral load is often predictive of transmission, mothers with a wide range of plasma viral loads have transmitted virus to their infants, suggesting that additional viral and immunological factors are responsible for transmission (11, 17) . Several studies have shown that viral genotypes transmitted to infants tend to be macrophage tropic, utilize CCR5 as a coreceptor, and have rapid in vitro replication kinetics (25, 28) . Phylogenetic analysis of maternal and infant sequences indicates that most infants are infected with a homogeneous virus population, despite the heterogeneous virus population in the mother (1, 14, 26, 37, 45, 46) . It has also been shown that HIV isolates from infants are resistant to neutralization by maternal plasma (23) . These observations suggest that specific viral genotypes are selectively transmitted from mother to infant. However, other studies have identified infants with heterogeneous virus populations (8, 24, 26, 29, 42, 43) . In one report, phylogenetic analysis of maternal and infant sequences did not support selective transmission but suggested that the viral population in the infant reflected the inoculum size and timing of exposure (42) . Additional studies are needed to more thoroughly characterize genotypes transmitted from mother to infant.
The small number of samples evaluated and the inability to identify the timing of infant infection often limits studies of HIV transmission from mother to infant. Due to the difficulties involved in defining whether transmission occurred during delivery or as a result of breastfeeding, few studies have been able to characterize genotypes transmitted through breastfeeding. Kampinga et al. evaluated HIV genotypes transmitted through breast milk in a small group of Rwandan women that became HIV infected postpartum (22) . In this study, five of six breast-fed infants seroconverted within the same 3-month period as their mother, and each was infected with a homogeneous virus population that represented the major genotype identified in maternal plasma samples. Multiple viral variants were identified in one infant who seroconverted more than 12 months after the mother. The V3 sequences identified in all of the infants displayed characteristics of macrophage tropism. These limited observations support the hypothesis that selective transmission does occur through breastfeeding.
Infection of lactating rhesus macaques with a pathogenic simian immunodeficiency virus (SIV) inoculum just after delivery provides an excellent model of HIV transmission through breastfeeding (3, 4) . This natural transmission model allows evaluation of oral infant infection via breast milk in a controlled environment without potential in utero or peripartal exposure. Although the SIV disease course is accelerated and there is a higher rate of transmission compared to that of HIV, infant infection occurs throughout the entire breastfeeding period and is associated with increased and persistent expression of virus in milk, similar to observations in HIV infected mothers. As previously reported, lactating dams were inoculated with SIV/Delta B670 after normal vaginal delivery of their infant. This primary SIV stock is composed of a quasispecies and has been used in several studies to evaluate the influence of specific viral genotypes on pathogenesis (2, 5, 6, (39) (40) (41) . In the current studies, 10 of 14 dams inoculated with SIV/ Delta B670 transmitted virus to their infant via breast milk, while four failed to transmit despite disease progression and continued lactation. Eight of the infants became infected during the chronic phase of maternal infection. Although plasma viral load and CD4 ϩ T-cell counts did not predict transmission status, infant infection was correlated with milk viral loads exceeding 500 copies/ml. Total immunoglobulin and SIV envelope-specific antibody were also not predictive of transmission in these animals (35) . Two of the infants became SIV positive during the period of peak viremia in the mother (14 days postinoculation). Transmission at this early time point was associated with rapid disease progression, high plasma viral loads, and lack of specific antibody responses in the dam. Results obtained using this model are similar to what has been reported in breastfeeding cohorts of HIV-infected women, providing an animal model to decipher the correlates and mechanisms of breast milk transmission of HIV. In our initial studies, we observed homogeneous viral populations in five macaque infants infected through breastfeeding, despite the presence of a heterogeneous viral population in the milk of each dam. In this report we extend these studies by examining the expression of envelope genotypes in plasma and milk samples obtained from eight transmitting females over the course of disease.
MATERIALS AND METHODS

Animals.
Fourteen female rhesus macaques (Macaca mulatta) were inoculated intravenously with SIV/Delta B670 7 to 54 days after the delivery of their infant. The lactating dams were housed at the Tulane National Primate Research Center with their infant and allowed to breastfeed normally as previously described (4). All animal protocols were approved by the Tulane and Louisiana State University Institutional Animal Care and Use Committees and were in accordance with the Guide for the Care and Use of Laboratory Animals (http: //www.nap.edu/readingroom/books/labrats/).
Virus.
The SIV/Delta B670 stock used in these studies was grown from primary rhesus peripheral blood mononuclear cells (PBMC) and is internally referenced as the Rhesus II stock. This stock has been previously characterized and is composed of a quasispecies (2, 40) . In vitro titrations performed prior to inoculation confirmed that there was no loss in infectivity after long-term storage in liquid nitrogen. All animals in this study were intravenously inoculated with four 50% tissue culture infectious doses.
Sample collection. Samples of blood and milk were collected every 2 weeks for 8 weeks and then monthly throughout the 1-year study period. Blood was collected in acid citrate dextrose anticoagulant tubes and centrifuged at 255 ϫ g for 15 min for separation of the cellular fraction. Plasma was removed and stored at Ϫ80°C. Peripheral blood mononuclear cells were purified from blood samples using Lymphocyte Separation Medium (ICN, Aurora, OH). DNA was isolated from this population using a Genomic DNA Isolation kit (Bio-Rad) and quantified by A 260 measurement. Approximately 1 ml of milk was collected by manual expression from both breasts, pooled, and stored immediately on ice. Milk samples were separated into cellular and supernatant fractions by centrifugation at 255 ϫ g for 15 min. The fat layer was suctioned off, and the supernatant was stored at Ϫ80°C.
Reverse transcription and PCR amplification. Virus particles contained in plasma and milk samples were purified by high-speed centrifugation of plasma and milk supernatant at 22,000 ϫ g for 1 h. Viral pellets were lysed in Trizol reagent, and RNA was isolated per the manufacturer's instructions (Life Technologies, Rockville, MD). The RNA sample was reverse transcribed into cDNA using Multiscribe Reverse Transcriptase (Applied Biosystems) with 1/10th of the total RNA used in each reaction. Envelope variable region 1 (V1) sequences were amplified by PCR from cDNA samples obtained from maternal plasma and milk at several matched time points during the disease course, including the last available milk sample taken 3 to 8 weeks before the infant tested positive for SIV. Proviral sequences were PCR amplified from infant PBMC DNA obtained at the time point when SIV was first detected. For envelope V1 amplification a nested PCR was performed as described previously (4) . In this assay, a 482-bp fragment encompassing V1 and V2 of the SIV envelope gene was amplified in two to three independent reactions from 1 g of DNA (PBMC) or the cDNA prepared from one-tenth of the total RNA obtained from plasma and milk samples. First-round primers that correspond to nucleotides 6709 to 6728 and 7406 to 7385 and second-round primers that correspond to nucleotides 6845 to 6868 and 7327 to 7305 of SIVmac239 were used.
Heteroduplex tracking assay (HTA). Single-stranded 32 P-labeled probes were made from the V1 sequence identified in each infected infant. The singlestranded probe was generated in two steps. In the first step, V1 PCR products were generated from a plasmid clone containing envelope sequence from each infant or a B670 genotype of interest. The amplification reaction contained 150 mM Tris-HCl (pH 8.0), 500 mM KCl, 25 mM MgCl 2 , 0.01 mM of each deoxynucleoside triphosphate, 20 nM of 5Ј and 3Ј envelope V1 primers described above, and 2.5 U of AmpliTaqGold Polymerase (Applied Biosystems, Branchburg, NJ). The resulting PCR products were separated by agarose gel electrophoresis and purified by gel extraction (Qiagen, Valencia, CA). In the second step, 10 ng of purified V1 PCR product from each infant was used to create a single-stranded 32 P-labeled product through asymmetrical PCR. The amplification reaction was similar to that described above, except only the 5Ј primer was used and 10 Ci 32 P-dATP was added to the mixture. The single-stranded probe was purified using the Wizard DNA purification kit (Promega). Samples analyzed by HTA were obtained by pooling products from two to three independent V1 PCR amplifications, and 1 l of 32 P-labeled probe was mixed with approximately 500 g of pooled V1 PCR products amplified from plasma or milk samples in an annealing buffer of 1 M NaCl, 100 mM Tris-HCl (pH 7.6), 20 mM EDTA in a total volume of 20 l. This mixture was heated at 90°C for 3 min, chilled on ice for 3 min, and then separated on a mutation detection enhancement gel solution (Cambrex Bioscience Rockland, Inc., Rockland, ME). After electrophoresis for 1,200 V-h, DNA was visualized by autoradiography. The resulting image was captured with a Kodak imaging system and formatted for publication in Microsoft PowerPoint. With this assay, genotypes identical to the probe can be detected if it comprises at least 10% of the total population. Viral envelope sequences. Sequences of V1 genotypes expressed in milk and plasma were obtained by cloning of PCR products from two to three independent amplifications, each containing 1 g of PBMC DNA or cDNA prepared from 1/10th of the total RNA purified from milk or plasma samples. PCR products were pooled and cloned into the TOPO TA vector per the manufacturer's instructions (Invitrogen, Carlsbad, CA). Seven to 22 colonies containing appropriately sized inserts were selected for sequencing from each sample time point as described previously (2) . Sequences were aligned and compared using MacVector (Accelrys Inc., Madison, WI) and Clustal W and were formatted for publication using SeqPublish (Los Alamos National Laboratory; http://www.hiv .lanl.gov). Infant sequences were derived similarly from PCR products obtained from PBMC DNA. Deduced amino acid sequences of SIV variants identified in the dams and infants were compared using Mac Vector to SIV/Delta B670 genotypes found in the stock inoculum. In the event that a sequence from an infant or dam differed by three or more amino acids (Ͼ5% divergent) from the most closely aligned V1-B670 genotype, the sequence was considered a variant of that B670 stock genotype.
Viral load quantitation. SIV RNA copy number in plasma and milk samples was quantitated by real-time reverse transcriptase PCR (RT-PCR) amplification based on a previously described assay that amplifies a region in the SIV ltr (4). Briefly, virions expressed in milk and plasma were purified and reverse transcribed into cDNA in a 10-l total reaction volume as described above. Quantitation reactions were done with duplicate RNA samples, and SIV copy number was determined by comparison to a standard curve generated from serial dilutions of an RNA standard amplified in triplicate.
Statistical analysis. Length, charge, and number of potential N-linked glycosylation sites were determined from a region of V1 between a conserved tryptophan residue at position 122 of SIVmac239 up to, but not including, a conserved methionine residue at position 165 of SIVmac239. In order to perform the statistical test, charge was transformed to a positive numeric value. Comparisons of length and charge were performed using the nonparametric Wilcoxon ranksum test. Since all of the sequences identified in milk either had two or three potential N-linked glycosylation sites within this region, the nonparametric Fisher exact test was used to determine the probability associated with the number of glycosylation sites in transmitting versus nontransmitting sequences.
Nucleotide sequence accession numbers. The envelope sequences described in this study have been deposited in GenBank under accession numbers AY971377 to AY971509. Sequences of SIV/Delta B670 genotypes comprising the stock inoculum were obtained from GenBank accession numbers AY118200 to AY118221.
RESULTS
SIV envelope genotypes are selectively transmitted through breastfeeding. In this study, we analyzed the first hypervariable region of SIV envelope sequences (V1) expressed in the milk of 14 female rhesus macaques inoculated with SIV/Delta B670 (B670). Ten dams transmitted SIV to their infants at time points throughout the disease course, including both the acute and chronic phase of infection. Viral genotypes expressed in milk near the time of transmission were compared to sequences found in the infant. Due to its extensive diversity, the V1 region is frequently used to identify viral variants within the B670 quasispecies. Twenty-two different V1 genotypes have been identified from acute infection with this stock and designated B670 Cl 1 to Cl 22 (2, 40) . Eight infants infected during the chronic phase of maternal SIV disease were found to have a homogeneous virus population. This was in contrast to the multiple genotypes expressed in milk samples from each of the eight dams (Fig. 1A) . In every case, the sequence identified in the infant could be found in milk samples from each of the eight dams 25 to 60 days prior to detection in the infants. Five of eight dams expressed a V1 genotype in milk that was identical to the sequence in the infant, while the remaining three females expressed sequences highly similar to those found in their infants, differing only by 1 to 2 amino acids. Some dams transmitted minor variants expressed in the milk, while others transmitted the dominant milk variant. These observations demonstrate that a single genotype is transmitted during the chronic phase of maternal infection despite expression of multiple genotypes in milk.
Two infants in this study were infected during the acute viremic phase of maternal disease. The dams of these infants displayed a rapid SIV disease course, had high plasma viral levels at set point, and failed to develop SIV-specific humoral immune responses (4, 35) . These clinical features represent a well-characterized rapid progressor phenotype observed in a small percentage of SIV-infected macaques (18) . As shown in Fig. 1B , infants CI50 and DN83 had two viral genotypes in peripheral blood samples at the time SIV was first detected (21 days postinoculation of dam). The genotypes found in the infant CI50 reflected the distribution of genotypes expressed in the milk of dam P173 7 days prior to detection of SIV in the infant. The two viral genotypes identified in infant DN83 were not found in milk samples from dam T243 7 days prior to detection of SIV in the infant, but these genotypes have been identified in milk samples from other SIV-infected dams (see P168 milk and N007 milk), indicating these genotypes are present in the B670 inoculum. In this model, breast milk transmission of SIV during the period of acute maternal infection is associated with a rapid progressor phenotype and occurs without selection of specific genotypes.
The remaining four female macaques inoculated in our studies failed to transmit SIV despite disease progression and continued lactation. Previously we have associated transmission with milk viral loads exceeding 500 copies/ml (4) . Since this level of viral expression was not observed in the milk of the four nontransmitting animals, a complete analysis of viral diversity in these milk samples was difficult. Given these limitations, we analyzed the predominant viral genotypes expressed in milk samples from the chronic stage of infection, when viral RNA was detectable in three of four females. The predominant viral genotypes identified in the nontransmitting dams are shown in Fig. 1C , aligned to the most similar B670 stock genotype. Two nontransmitting dams, P243 and P650, expressed a homogeneous virus population in milk, while monkey AA26 had a more heterogeneous virus population in milk.
Similar viral genotypes are expressed in plasma and milk. To determine if there was selective expression of certain viral genotypes in milk, the V1 sequences expressed in milk and plasma of lactating females were compared to the predominant sequences that comprise the B670 stock (Table 1) . Samples were available for detailed V1 characterization from four transmitting dams and three nontransmitting dams at the time of peak viremia and near the time of transmission or late in the disease course. The predominant genotypes expressed during peak viremia, Cl 2, Cl 3, Cl 6, and Cl 12, are the genotypes that comprise more than 80% of the SIV/Delta stock used for inoculation (2) . The distribution of genotypes identified in milk samples generally reflected the populations expressed in plasma. Significant differences were not observed between transmitters and nontransmitters. These results indicate that similar genotypes are expressed in milk and plasma during peak viremia, and unique genotypes were not identified in milk.
To evaluate the V1 genotypes expressed during the chronic stage of infection, sequences were obtained from paired plasma and milk samples from transmitting females 3 to 8 weeks prior to the identification of SIV infection in the infant (as indicated in Fig. 1 ). Similar genotypes were expressed in milk and plasma of these females during chronic disease; however, several differences were observed compared to data from 14 days postinfection (p.i.). Interestingly, B670 stock Cl 3, the predominant variant observed at 14 days p.i., was rarely expressed in both milk and plasma near the time of transmission. B670 stock Cl 7, Cl 13, and Cl 14 sequences were not identified in milk at 14 days p.i., but these genotypes were found in the milk of transmitters during chronic disease near the time of transmission. During the chronic stage of disease, transmitting dams continued to express the major B670 genotypes Cl 2, 6, and 12 in both milk and plasma. Nontransmitting females also displayed changes over the disease course. Samples were collected from nontransmitting females at 112 to 198 days p.i., near the end stage of disease for these analyses. These animals also expressed similar genotypes in milk and plasma during the chronic phase of disease; however, some genotypes expressed in milk of nontransmitters (Cl 3 and Cl 13) were not found in milk of transmitting females. These results suggest there may be differences in the expression of viral genotypes in the milk of nontransmitting dams compared to late transmitting dams; however, the low level of virus expression in nontransmitters makes a more detailed analysis difficult. Sequence-specific characteristics of transmitted genotypes. Because the viral populations expressed in milk of transmitting dams consisted of transmitted and nontransmitted genotypes and the viral load in these samples was Ͼ500 copies ml, we compared the characteristics of these two groups of sequences. Using 130 sequences identified in milk samples (represented in Fig. 1A ), transmitted and nontransmitted genotypes were identified and compared. The V1 genotypes were designated transmitted genotypes if they were identical to sequences found in infants or differed by no more than two amino acids from infant sequences. Nontransmitted genotypes were the remaining sequences expressed in milk that differed from infant sequences by three or more amino acid changes, since this represents greater than 5% divergence. The V1 length of transmitted genotypes ranged from 41 to 49 amino acids, which was broader than that observed for nontransmitted sequences (Fig. 2A) . Sequences identified in six of eight infected infants were longer than the median length of nontransmitted genotypes. When considered as a group, transmitted genotypes expressed in milk were significantly longer than nontransmitted genotypes (P Ͻ 0.001; Wilcoxon rank sum test). Transmitted genotypes expressed in the milk were more likely to have three potential N-linked glycosylation sites over the V1 region than nontransmitted genotypes (P Ͻ 0.0006; Fisher exact test), with six of eight infants having genotypes with three potential N-linked glycosylation sites in V1 (Fig.  2B) . Although the charge of the V1 region had a similar range in each group, transmitted genotypes had a less negative charge than nontransmitted genotypes. This observation was significant when the two groups were compared (P Ͻ 0.001; Wilcoxon rank sum test). Seven of the eight infant sequences had a charge at or above the median charge of nontransmitted genotypes (Fig.  2C) . Therefore, longer V1 sequences with three N-linked glycosylation sites and a less negative charge were more likely to be transmitted.
Transmitted genotypes are not expressed throughout the disease course. To determine time points when transmitted genotypes were expressed in the dams, heteroduplex tracking Fig. 1A ). V1 sequences transmitted to the infant were compared to genotypes expressed in milk that were not transmitted to evaluate (A) the number of amino acids in the V1 loop, (B) the number of potential N-linked glycosylation sites, and (C) the net charge of the V1 region. assays (HTA) were used to monitor envelope variants expressed in milk samples from 14 days p.i. through the time of infant infection. In this assay, single-stranded 32 P-labeled probes were made from V1 genotypes of each infant and mixed with PCR products from the corresponding maternal milk samples, followed by electrophoresis on nondenaturing acrylamide gels. This assay estimates the number of V1 genotypes that comprise at least 10% of the total population and determines their relative divergence from the probe sequence by the degree of retarded migration from the homoduplex (probe bound to a PCR product with identical sequence). This assay provides a means of easily monitoring changes in the viral populations of several animals over multiple time points. Shown in Fig. 3 are representative tracking gels from four of the eight dams that transmitted during the chronic phase of infection. Several heteroduplex bands were observed at multiple time points in milk samples, indicating a heterogeneous virus population throughout the disease course. In milk from each dam, a homoduplex band, or a band indicating close sequence identity to the infant probe became detectable at time points just prior to transmission. In each case, the variant transmitted to the infant was expressed in the milk of the dam just prior to transmission but not at detectable levels throughout the disease course. The homoduplex band is less pronounced in milk samples of dams P403 and T802, confirming that the infant genotype was a minor variant in the population at the time point analyzed. Due to the length of time between sampling, it is possible that the variant transmitted to the infant was more dominant at the exact time of transmission. The remaining four animals (data not shown) displayed similar patterns, with expression of the transmitted genotype detectable only near the time of transmission.
FIG. 2. Comparison of V1 sequence characteristics of transmitted genotypes (black bars) and nontransmitted genotypes (white bars) expressed in milk of eight transmitting dams near the time of infant infection (sequences shown in
Increases in viral load are associated with changes in the viral population. We selected two transmitting dams, monkeys P168 and P403, to more thoroughly evaluate virus expression throughout disease and to monitor the evolution of the genotype transmitted to the infant. Heteroduplex tracking was performed on plasma samples from these dams for comparison with HTA of milk samples and viral V1 sequences in milk and plasma. HTA of plasma from monkey P168 (Fig. 4A) showed that there were distinct shifts in V1 genotypes expressed in plasma over the course of disease, similar to the pattern observed in milk. The genotype that predominates in plasma at days 35 and 56 gradually decreases and is no longer expressed by day 112. Concurrent with the disappearances of this genotype, new variants appear at 72 and 84 days p.i. Several new genotypes can be observed in plasma samples during the middle phase of the disease course (day 112 through day 154). At 154 days p.i, the genotype transmitted to the infant is first detected in plasma and gradually becomes the predominant variant expressed at day 258. This genotype was not detected in milk until day 196.
The shifts in plasma and milk genotypes of dam P168 were considered in the context of viral load (Fig. 4B) . The first major shift in the plasma genotypes of monkey P168 occurred between 84 and 112 days p.i., when plasma viral loads had reached set point, milk viral loads were low, and the titer of SIV-specific antibody in milk and plasma reached a plateau (98 days p.i.) (4, 35) . Milk viral loads begin to increase at 154 days p.i., and by 196 days p.i. they had increased above 500 copies/ ml. This increase in milk viral load is coincident with the expression of the infant genotype in milk. A 1-log increase in plasma viral loads is observed at 223 days, coincident with the appearance of new viral genotypes in plasma. Sequence analysis of the V1 region at representative time points from each phase of the disease course confirmed the appearance and disappearance of genotypes (Fig. 4C) . Genotypes expressed during the initial phase of the disease course were similar, if not identical, to the predominant genotypes comprising the stock, B670 Cl 3 and Cl 12. Although B670 Cl 3 sequences predominate early in the disease course, they were not identified at day 140 or later. B670 Cl 12 genotypes persisted through day 140 but were also not found at the end stage of disease. New genotypes appearing during the middle and late stage of disease were also closely related to genotypes known to be in the SIV-B670 stock. At 140 days p.i., a variant identical to SIV-B670 clone 6 was one of the main genotypes expressed in plasma and milk. This genotype was previously not detected in monkey P168. Similarly, a genotype similar to SIV B670 clone 13 was detected at low frequency at 7 days p.i., and then at 258 days a related sequence is detected. The genotype transmitted to the infant first appears at 154 days p.i. and is most similar to SIV-B6mac23970 clone 14, as determined by Clustal W alignment with B670 stock genotypes. These observations suggest that genotypes expressed later in the disease course were sequestered, or their expression was so low it could not be detected by the methods used. Viral expression in plasma of monkey P403 also displayed changes over the disease course (Fig. 5A) , with some genotypes appearing intermittently, some expressed for several weeks, and one genotype persisting throughout. The genotype transmitted to the infant first appears in plasma at day 154 p.i. and is detected only at very low levels through 258 days p.i. Viral loads increase slightly in plasma of monkey P403 between 196 and 223 days p.i.; however, they increase substantially in the milk during this same time (Fig. 5B) .
Sequence analysis showed that the predominant SIV-B670 stock genotype Cl 3 was expressed through 154 days p.i., but 
DISCUSSION
We have used SIV-infected lactating macaques to evaluate the expression of viral genotypes in milk and plasma throughout disease and to determine their relationship to variants transmitted to the infant through breastfeeding. The correlates of breast milk transmission in SIV-infected dams are similar to those observed in HIV-infected cohorts, providing an excellent model to evaluate the viral properties associated with transmission. In this report we demonstrate selective transmission of genotypes through breastfeeding and identify common viral characteristics associated with transmission.
Other investigators using the same SIV/Delta B670 inoculum have characterized expression of V1 genotypes in the plasma, brain, genital tract, spleen, and lymph nodes (5, 6, 32) . In most cases, SIV-B670 clones 2, 3, 6, and 12 were identified, indicating the predominance of these variants. However, the dynamics of viral expression are unique in each animal and each tissue compartment. In this study, we were able to specifically distinguish transmissible from nontransmissible variants based on their molecular characteristics and monitor their expression in milk and plasma throughout the disease course. This provides considerable insight into the mechanisms of breast milk transmission that would be difficult to show in HIV-infected cohorts.
The predominant genotype in the SIV-B670 inoculum, Cl 3, was identified in plasma and milk of most dams during the period of peak viremia. This variant was not identified in milk samples from transmitting dams later in the disease course, suggesting it does not adapt well for expression in milk and is less fit for replication during chronic disease. Variants similar to another major SIV-B670 genotype, Cl 12, were identified in dams early in infection and were expressed in milk and plasma of several near the time of transmission, with two dams ultimately transmitting genotypes similar to clone 12. Interestingly, variants similar to clone 12 were identified in the milk of other dams that did not transmit this genotype, suggesting that there are multiple factors involved in transmission. Because only a small region of the envelope gene was used to differentiate these variants, it is possible that specific changes in other regions are also important for infant infection.
Although the dams transmitted different B670 genotypes, common molecular features were identified in the V1 sequences. Transmitted sequences expressed in milk were longer, had a less negative charge, and were more likely to have three potential N-linked glycosylation sites than nontransmitted genotypes expressed in milk. Structural and mutational studies of the SIV envelope indicate that the V1/V2 loop plays a role in CD4 dependence and influences coreceptor binding (9, 21, 31) . Additionally, changes in the number and arrangement of N-linked glycosylation sites on the HIV envelope have previously been described as a mechanism of escape from neutralizing antibody responses (44) . The molecular features unique to transmitted variants may therefore represent differences in receptor or coreceptor binding, broadening of tropism to include cell types found in the breast, and evasion of local maternal immune responses.
Homogeneous virus populations were identified in all of the infants infected during the chronic phase of the maternal disease course (late transmission) despite the expression of multiple viral genotypes in maternal milk samples. It is possible that infant macaques were infected with multiple variants, but these genotypes were not detectable at the time points we identified infection in the infant. If multiple genotypes were transmitted during chronic maternal infection, only a single genotype was selectively replicated in the infant.
Milk provides a unique milieu for virus replication, since the cell types and immune modulators differ from what is found in plasma or other tissue compartments. Sequence analysis of virus from three HIV-infected lactating women found one of three mothers expressing different virus populations in milk compared to plasma, while in two mothers minor variants expressed in plasma were major variants expressed in the milk (7) . A cross-sectional comparison of SIV-B670 genotypes expressed in plasma and milk of lactating dams showed that the distribution of genotypes expressed in milk and plasma was similar, with the diversity in milk increasing later in the disease course. Humoral-and cell-mediated immune responses in the breast have been shown to differ from those in the blood (36) , which may promote viral evolution in this compartment. In this study, the V1 genotype transmitted to the infant was found in the plasma and milk of every transmitting dam, and no evidence of selective viral expression in milk was associated with transmission.
Viral genotypes selectively transmitted to infant macaques were similar to variants known to be in the SIV-B670 inoculum; however, their expression was not detected in plasma or milk of the dam until just prior to transmission. The detection of these genotypes was coincident with increases in milk viral load. It is unclear whether expression of the transmitted variant caused this increase in milk viral load or if viral load increases allowed for the expression or detection of these variants. These results indicate that transmitted variants were maintained at undetectable levels in the dams. Their emergence may have been due to immune evasion, adaptation to the breast, or deterioration of the maternal immune response.
Our ability to determine the diversity of envelope genotypes in nontransmitting dams was limited due to the low level of virus expression in milk observed in these animals. Given these limitations, we identified less diverse virus populations in milk of nontransmitters and two of the nontransmitters expressed genotypes not found in transmitting dams near the time of transmission. It is possible that immune responses in nontransmitting dams were able to control replication of certain viral VOL. 80, 2006 SIV GENOTYPES TRANSMITTED THROUGH BREASTFEEDING 3729 genotypes and prevented the molecular changes required for expression in milk and transmission. Several studies have characterized HIV isolates transmitted from mother to infant as macrophage tropic, CCR5 utilizing, and non-syncytia inducing (25, 28) . Although phenotypes were not directly assessed in this study, other investigators have identified several SIV-B670 genotypes as having a macrophage-tropic phenotype in vivo. SIV-B670 clones 2 and 6 have been found in macrophage-rich areas of the spleen (32), and clones 2 and 12 have been found in microglial cells from brain tissue of macaques with SIV-encephalitis (5). Additionally, clone 12 has been shown to selectively cross the placenta of SIV-infected macaques, suggesting tropism for macrophagelike cell populations (2). Tissue macrophages have been shown to harbor high levels of virus in macaques infected with SIV-HIV chimeras, implicating these cell types as important viral reservoirs (19) . Because genotypes similar to B670 clones 2, 6, and 12 were transmitted through breastfeeding, we hypothesize that transmitted variants may have persisted at low levels in tissue macrophages in the dam prior to their appearance in the peripheral circulation.
Two dams characterized as rapid progressors transmitted virus through breastfeeding coincident with the period of peak viremia. The infants of these dams were infected with a heterogeneous virus population that reflected the predominant genotypes expressed in milk. At 14 days p.i., the early transmitters could not be distinguished from other animals based on viral load or the distribution of genotypes expressed in milk. However, they progressed very rapidly to the end stage of disease and subsequently failed to develop a detectable SIVspecific humoral immune response, suggesting poor control over virus expression. Future studies that define the aberrant immune responses in these rapid progressor animals may also identify factors that control breast milk transmission in some dams.
In summary, the common sequence characteristics identified in the infected infants are consistent with changes resulting from immune evasion and adaptation of macrophage-tropic genotypes for efficient replication in cells of breast tissue and/or milk. Although common genotypes are expressed in the milk of all transmitting females, host-specific factors within each animal direct the evolution and expression of genotypes that are ultimately transmitted. By defining the viral and immunological characteristics common to transmitters and understanding the mechanisms that allow some dams to reach the end stage of disease while controlling viral expression and evolution in milk, we may be able to develop strategies and therapeutic approaches to prevent breast milk transmission of HIV.
